Abstract Crenate broomrape (Orobanche crenata) is the major constraint for pea cultivation in the Mediterranean Basin and Middle East. Cultivation of resistant varieties would be the most efficient, economical and environmentally friendly way to control this parasite. However, little resistance is available within cultivated pea. Promising sources of resistance have been identified in wild peas but their use in breeding programs is hampered by the polygenic nature of the resistance. The identification of molecular markers linked to the resistance would allow tracking of the underlying genes, facilitating their introgression into pea cultivars. The main objective of this study was the identification of genomic regions associated with resistance to O. crenata. A RIL (Recombinant Inbred Lines) population derived from a cross between a resistant accession of the wild pea Pisum sativum ssp. syriacum, and a susceptible pea variety was screened for resistance to O. crenata under field conditions during two seasons. In addition, resistance reactions at different stages of the O. crenata infection cycle were assessed using a Petri dish method. The approach allowed the identification of four Quantitative Trait Loci (QTL) associated with field resistance, assessed as the number of emerged broomrape shoots per pea plant under field conditions. These identified QTLs explained individually from 10 to 17% of the phenotypic variation. In addition QTLs governing specific mechanisms of resistance, such as low induction of O. crenata seed germination, lower number of established tubercles per host root length unit, and slower development of tubercles were also identified. Identified QTLs explained individually from 8 to 37% of the variation observed depending on the trait. Host plant aerial biomass and root length were also assessed and mapped. Both traits were correlated with the level of O. crenata infection and three out of the four QTLs controlling resistance under field conditions co-localized with QTLs controlling plant aerial biomass or root length. The relationship observed among these traits and resistance is discussed.
Abstract Crenate broomrape (Orobanche crenata) is the major constraint for pea cultivation in the Mediterranean Basin and Middle East. Cultivation of resistant varieties would be the most efficient, economical and environmentally friendly way to control this parasite. However, little resistance is available within cultivated pea. Promising sources of resistance have been identified in wild peas but their use in breeding programs is hampered by the polygenic nature of the resistance. The identification of molecular markers linked to the resistance would allow tracking of the underlying genes, facilitating their introgression into pea cultivars. The main objective of this study was the identification of genomic regions associated with resistance to O. crenata. A RIL (Recombinant Inbred Lines) population derived from a cross between a resistant accession of the wild pea Pisum sativum ssp. syriacum, and a susceptible pea variety was screened for resistance to O. crenata under field conditions during two seasons. In addition, resistance reactions at different stages of the O. crenata infection cycle were assessed using a Petri dish method. The approach allowed the identification of four Quantitative Trait Loci (QTL) associated with field resistance, assessed as the number of emerged broomrape shoots per pea plant under field conditions. These identified QTLs explained individually from 10 to 17% of the phenotypic variation. In addition QTLs governing specific mechanisms of resistance, such as low induction of O. crenata seed germination, lower number of established tubercles per host root length unit, and slower development of tubercles were also identified. Identified QTLs explained individually from 8 to 37% of the variation observed depending on the trait. Host plant aerial biomass and root length were also assessed and mapped. Both traits were correlated with the level of O. crenata infection and three out of the four QTLs controlling resistance under field conditions co-localized with QTLs controlling plant aerial biomass or root length. The relationship observed among these traits and resistance is discussed.
Introduction
Field pea (Pisum sativum L.) is the most widely grown grain legume in Europe and the fourth-most in the world (FAOSTAT data 2005) and represents a versatile and inexpensive protein source for animal feeding. In Europe approximately 70% of plantderived protein is imported. To meet domestic demand, an increased production of pea is necessary. However, pea cultivation is strongly hampered in Mediterranean farming systems by the occurrence of Orobanche crenata (Rubiales et al. 2003a ) that causes important damages in Southern Spain (Rubiales et al. , 2003a , Morocco (Mabsoute and Saadaoui 1996) , Egypt (Korashi et al. 1996) and Israel (Bernhard et al. 1998 ). This root holoparasitic weed can lead to yield losses up to 80% with complete loss of pea crops in severe cases (Rubiales et al. , 2003a .
Strategies for broomrape control have been developed, including cultural practices and chemical control (Rubiales et al. 2003a; Joel et al. 2007 ). However, all have met with limited success and are either not feasible, uneconomical, hard to achieve or resulting in incomplete protection. Even when the technology for control is available, its implementation is often hampered due to poor economic status of farmers and the practice of low-input agriculture. Breeding for resistance is the most efficient, economical and ecologically sound strategy to control broomrape. However, little resistance is available within the cultivated pea. Promising sources of resistance have been identified in wild species of Pisum which could be used as donors for incorporating resistance to O. crenata into the cultivated types. However, they have not been efficiently used in breeding programs due to the polygenic nature of the resistance. Resistance appears to have multiple components caused by a chain of escape and resistance mechanisms that either act alone or in combination and at different stages in the infection process.
Quantitative resistance, which is usually governed by multiple minor genes, is expected to be more durable than monogenic resistance. However, using this type of resistance in traditional breeding is tedious because selecting the plants containing the appropriate combination of genes in a segregating population is a difficult task. Different approaches have been attempted to elucidate the genetics of quantitative traits. Quantitative approaches based on phenotypic evaluations can estimate the heritability and the weight of dominance and additive effects in the control of the trait. However, these methods do no give information about the location and the number of genes involved. The development of genetic maps and Quantitative Trait Loci (QTL) analyses was a major breakthrough in the characterization of quantitative traits, enabling the identification of associated genomic regions and their contribution to the phenotypic variation. In addition, the mapping of QTLs is an useful tool to identify molecular markers linked to the resistance genes that could be used to assist breeding.
In a preliminary study two QTLs for resistance to O. crenata in pea were identified using a F 2 population evaluated only in the field during one season (Valderrama et al. 2004 ). However, the identified QTLs explained only a low proportion of the phenotypic variation (20%). In addition, the saturation of this map was insufficient for an efficient MAS (Marker-Assisted-Selection) and the absence of common markers with the International pea consensus genetic map (Weeden et al. 1998 ) made impossible the assignment of the obtained linkage groups (LG) to pea chromosomes. In the present study we have increased the accuracy of the QTL analysis using an improved genetic map (Fondevilla et al. 2008 ) based on the RILs of the cross used by Valderrama et al. (2004) and evaluating this progeny under field conditions during two seasons. In addition, components of resistance were dissected using an in vitro screening method (Rubiales et al. 2003b ). The combined approach allowed the identification of new QTLs for resistance to O. crenata under field conditions and to identify genomic regions controlling specific mechanisms of resistance. Additional traits such as plant aerial biomass and root length were mapped as well and their relationship with the resistance to O. crenata is discussed.
Materials and methods

Plant material
The population used in the study consisted of 111 F 6:7 RILs (Recombinant Inbred Lines) derived by single seed descendent method from a cross between P. sativum ssp. syriacum accession P665 and P. sativum ssp. sativum cv. 'Messire'. P665 is a selection from the ICARDA accession IFPI3280, that is partially resistant to O. crenata (Fig. 1) . Resistance in this line has been shown to act at different developmental stages of the parasite including low stimulation of O. crenata seeds germination and lower number of tubercles attached, resulting in less broomrape shoots emerged per plant . On the other hand, parental 'Messire' is a P. sativum ssp. sativum cultivar highly susceptible to O. crenata.
Resistance scoring under field conditions
Parental lines and the F 6:7 RILs were screened for resistance to O. crenata during 2 seasons (2003-2004 and 2004-2005) in a heavily and uniformly infested plot at IFAPA experimental farm, at Córdoba, Spain. RILs were grown in a complete randomised block design with three replicates, each block having each RIL family and the parental lines grown in 1 m rows, with ten plants per row. In order to ensure uniform distribution of the parasite seeds in the soil, before sowing, rows were artificially inoculated by applying a mixture of 1 g of O. crenata seeds per dm 3 of sand. This mixture was applied at a ratio of 1 dm 3 mixture per 35 row meters. In addition, to check the infestation uniformity, each test row (RIL and parental lines) was surrounded on four sides by rows of the susceptible check 'Messire' (Rubiales et al. 2006) . For each row, resistance to O. crenata was scored as the number of emerged broomrape shoots per pea plant at the end of the crop cycle (N8Br) by considering the total number of pea plants and the total number of emerged O. crenata per row. The RIL population was sown at the end of November and evaluated at the beginning of May.
'In vitro' assessment of O. crenata parasitic cycle stages In order to identify the genomic regions controlling mechanisms of resistance acting against O. crenata, several developmental stages of the parasite were assessed in the RIL population using a Petri dish method (Rubiales et al. 2003b) . The experiment was conducted in four replicates, each containing 2 plants per RIL family and parental lines. Pea seeds were pre-germinated on wet filter paper into Petri dishes and maintained in the dark for 7 days. When radicles reached 3 cm length seedlings were transferred to a new set of Petri dishes. Each dish (12 9 12 cm 2 ) contained perlite on which a wet sheet of glass fibre filter paper (GFFP, Whatman GF/A) containing 50 seeds cm -2 O. crenata seeds, previously disinfected with formaldehyde (35%), was placed. The O. crenata seeds used for the inoculations had been harvested from O. crenata shoots infecting pea in experimental plots located in Jerez, Spain. Dishes were then sealed with parafilm, covered with aluminum foil to exclude light and placed vertically in trays containing Hoagland 0 s nutrient solution (Hoagland and Arnon, 1950) . Plants were maintained in a growth chamber at 20 ± 2°C with a 12 h dark/12 h light photoperiod, at 250 lmol m -2 s -1 during all the assessment period. Nutrient solution was added when necessary.
In addition, a germination test was performed in order to check the viability of the O. crenata seeds used in the experiment. Petri dishes containing conditioned O. crenata seeds of the same batch as above, were distributed on GFFP treated with synthetic germination stimulant GR24 (Johnson et al. 1976 ) at a concentration of 10 ppm, as positive control for stimulation of germination of Orobanche seeds. Sterile deionizated water was used as negative control. Four replications per treatment were performed. Percentage of O. crenata seed germination (G) was calculated 25 days after seed transplantation. In every Petri dish, 300 O. crenata seeds close to the pea roots (\3 mm) and selected at random were scored for the presence of a germ tube visible through the seed coat using a stereoscopic microscope (309 magnification).
About 30 days after transplanting, the number of tubercles per root length (N8T) was measured by counting the total number of tubercles and the total root length per Petri dish. Root length (RL) was estimated by counting the number of intersections between roots and a 1 9 1 cm grid, according to the method described by Tennant (1975) . At the same time, the tubercle developmental stage (TD) was recorded using a 1-4 scale where 1 = most tubercles only visible by microscope; 2 = most tubercles visible with the naked eye but smaller than 3 mm; 3 = tubercles bigger than 3 mm without anchoring root crown formation; 4 = tubercles bigger than 3 mm with crown-root and frequently with initial shoot.
Measurements of host aerial biomass
In our pea breeding program for resistance to O. crenata we had observed that the biomass appeared to be correlated with the number of broomrape shoots per pea plant. Therefore, in order to study this relationship, the relative aerial biomass of each RIL family and parental line was visually estimated in the 2003-2004 season using a scale integrating plant volume and leaf and stem area, from 1 (low aerial biomass) to 5 (high aerial biomass, corresponding to the parental control 'Messire'). In order to avoid the possible effect of broomrape infection in the plant biomass, the experiment was performed in an O. crenata free plot located at Córdoba, Spain. The experiment was conducted in three replicates. For each replicate, every RIL family as well as the parental lines were represented by a row containing 10 plants.
Heritability estimation
Heritability values (h 2 ) were estimated for each trait and environment using the formula:
2 the error variance and r the number of replicates.
Marker analyses and map construction
A previous genetic map developed using the RILs of the cross P665 9 Messire, and reported in Fondevilla et al. (2008) , was used for QTL analysis. The linkage map was constructed by MAPMAKER ver. 2.0 (Lander et al. 1987 ) using a LOD value of 5 and recombination fraction of r \ 0.30 as thresholds for considering significant linkage. Recombination fractions were converted to centiMorgans (cM) using the Kosambi mapping function (Kosambi 1994 ). The map covered 1,214 cM and contained 246 markers (3 morphological traits, 1 isozyme, 230 RAPDs, 6 STSs and 6 ESTs) distributed in 9 linkage groups. Of them, 7 could be assigned to pea chromosomes due to common markers with the International pea consensus genetic map (Weeden et al. 1998 ).
QTL detection
All QTL analyses were performed using composite interval mapping (Zeng 1994) as implemented in Windows QTL Cartographer ver. 2.5 (Wang et al. 2005) . Markers to be used as cofactors were selected by forward-backward stepwise regression. A window size of 10 cM and 5 cofactors as most were chosen. Genome-wide threshold values (P \ 0.05) for declaring the presence of QTL were estimated from 1,000 permutations of each phenotypic trait (Churchill and Doerge 1994) . One-and two-LOD support intervals for the position of each QTL were calculated as described by Lander and Botstein (1989) .
Results
Disease assessment under field conditions
Levels of broomrape infection were higher in the season 2003-2004 than in 2004-2005 , with averages of 11 and 5 broomrapes per 'Messire' plant, respectively (Fig. 2) . However, in each season the level of O. crenata infestation was quite homogeneous between replicates, with a low variation in the number of broomrapes emerged per pea plant between the 'Messire' rows distributed all over the experimental plots and used as control (data not shown). In addition, there was no correlation between the number of broomrapes per plant corresponding to each RIL line and the average number of broomrapes per plant obtained from the four Messire rows surrounding them, showing that the number of broomrape per pea plant was not influenced by the level of infestation present in the soil. Therefore, we considered that referring the average number of emerged broomrape shoots per pea plant of each RIL to the average number of broomrape per plant of the Messire rows surrounding them, as performed by Valderrama et al. (2004) , was not required and we used the raw data, instead.
The parental lines showed substantial differences in broomrape resistance. Thus, the female parent (Pisum sativum ssp. syriacum P665) displayed an average value of 0.42 and 0.25 O. crenata shoots per pea individual in 2003 (N8Br03) and 2004 seasons, respectively, while each 'Messire' plant showed more than 11 (2003) (2004) and 5 (2004-2005) O. crenata shoots per pea individual. In the RILs, the resistance scoring followed a normal distribution in the two seasons (Kolmogorov-Smirnov normality test; P [ 0.05). Transgressive lines with increased resistance were not observed in any of the seasons, and only two lines were slightly more susceptible than 'Messire' during 2003-2004. Heritability was high for N8Br03 (h 2 = 0.75) but lower for N8Br04 (h 2 = 0.44).
Study of the resistance mechanisms under controlled conditions
The germination test performed with distilled water demonstrated that, in absence of any germination stimulant compound, no spontaneous germination of O. crenata seeds occurred. In addition, 50.6% of seeds tested germinated in the presence of synthetic germination stimulant GR24, showing the high viability of the batch of O. crenata used. Almost 34% of O. crenata seeds germinated in presence of roots of 'Messire'. In contrast, less than 26% germinated in presence of the resistant parent P665. A wider variation was observed in the RIL population, where percentage of germination followed a normal distribution (Kolmogorov-Smirnov normality test; P [ 0.05) and ranged from 20.5 to 46.9% (Fig. 3) . Parental lines also differed in the number of O. crenata tubercles established per host root length. Thus, 30 days after transplanting an average of 0.31 tubercles per cm host root was formed in P665 while this value was quadruple on 'Messire' (1.38) (Fig. 3) . In the RILs the trait followed a normal distribution. None of the RIL families displayed a lower number of O. crenata tubercles per host root length than P665 although Tubercles formed on the susceptible parent 'Messire' developed well. Most of them were bigger than 3 mm and some had formed a initial shoot and/or root crown 30 days after transplanting (TD = 3.62), indicating that they had established fully functional parasitic relationships with their host (Fig. 3) . By contrast, tubercles formed on P665 were small and no root crowns were observed (TD = 1.63). In the RIL population this trait followed a normal distribution (Kolmogorov-Smirnov normality test; P [ 0.05) slightly skewed towards resistance and in a few families tubercles were so small that were not easily distinguished with the naked eye displaying a TD from 1.0 to 1.5. No necrosis of tubercles (Rubiales et al. 2006 ) was observed. Heritability was high in the case of RL (h 2 = 0.78) and moderate for the remaining in vitro traits (h 2 = 0.6 for G and h 2 = 0.47 for N8T and TD).
Host aerial biomass
There was a wide variation in the aerial biomass of the RIL families in the field with most of them showing an intermediate value between 'Messire' and P665 (Fig. 2) . None of the RIL families included plants with a greatest biomass than 'Messire' plants.
In contrast, transgressive families showing less biomass than P665 were observed. This trait showed a high heritability value (h 2 = 0.92).
Correlations between scored traits
Resistance scorings under field conditions were significantly correlated between years, although the correlation coefficient was not very high (r = 0. 31) ( QTL are shown in Table 2 . The QTLs explained individually from 10 to 17% of the phenotypic variation and altogether from 17 to 33% depending on the season. Alleles conferring resistance (low scores) originated from 'P665' in the case of QTLs n8br03-1, n8br03-3 and n8br04, whereas the QTL n8br03-2 originated from the susceptible parent 'Messire'. Five QTLs for plant aerial biomass were detected in linkage groups I and III, explaining individually from 8 to 21% of the phenotypic variation and altogether the 64%. All the QTLs except b1 originated from P665 (Table 2) . b1 co-localized with n8br03-2, while b2 was located in the same genomic region as n8br03-1 and the QTL for percentage of O. crenata seeds germination g1 (Fig. 4) .
Genomic regions controlling resistance in vitro were detected for all the variables scored (Table 2 ; Fig. 4 ). Thus, 2 QTLs for G, RL and TD and 3 for N8T were detected in LG I, II, IV, VI, VII and A. The QTLs explained individually from 8 to 37% and together from 38 to 59% depending on the trait. All of them, except n8t3, derived from P665. The QTL rl1 for root length coincided with n8br04, while n8t1, for number of tubercles per root length, was located in the same genomic region as td1 associated with tubercles developmental stage trait (Fig. 4) .
Discussion
Little is known on the mechanisms conferring resistance to O. crenata in pea and on its inheritance. The only previous study exploring the genetic of resistance to O. crenata in pea (Valderrama et al. 2004) suggested that resistance OPJ14_713  OPW5_1457  OPAB5_321  OPJ12_748  OPAE5_486  OPK6_620  OPM11_448  OPM15_1426  OPAE2_705  OPAA17_603  OPZ10_1058  OPC16_1173  OPAB1_1238  OPAB1_517  OPAB13_1362  OPW2_550  TUP_HaeIII  OPJ14_1078  OPW2_1314  OPM11_820  OPE11_378  OPRS4_699  OPC16_1618  OPH11_522  OPAI14_814  Q363_HinfI  OPC16_1239  OPE5_1345  OPK3_1143  OPRS4_485  OPB11_1003  OPM6_884   rl2   n°t2   n°t3   II   OPM6_598   OPW5_387  OPAE5_538  OPC7_1151  OPP4_1507   OPM6_351  OPAA17_720  OPR3_807  OPR3_843  OPX20_927  OPZ17_1392  OPM4_949  OPAH14_364  OPAI14_1519  OPAI20_1785  M27_HinfI  OPR3_502  OPR3_1068  OPB11_1477  OPK6_688  OPM6_570  OPAA19_1133  OPM15_431  OPZ17_901  OPO9_473  OPC7_1463  OPO20_467  OPAE2_788  OPAH14_374  OPAA19_1078  OPC7_1051  OPAA17_947  OPAI14_1273  OPAI14_1353  OPW2_1157  OPM15_537  OPAH17_303  OPAA19_828  OPC7_1848  OPO9_1338  P202_AluI   n°br03_2   b1   b5   III   OPC16_740  OPO9_531  OPAB1_898  OPRS4_782  OPB11_582  OPAB1_1522  OPR3_1233  OPC16_1837  OPAH6_1302  OPR3_400  OPX20_719  OPAI20_1050  OPP4_1466  OPAA11_694  OPO6_615  OPZ12_590  OPAA11_683  OPM11_270  OPAE2_612 was a complex trait governed by minor genes with small effects. That was confirmed in the present study where numerous genomic regions controlling this trait have been identified, each explaining from low to moderate proportion of the phenotypic variation. That is also the case of resistance to this parasite in faba bean (Román et al. 2002; Díaz et al. 2005) and to the parasitic plant Striga hermonthica in rice (Gurney et al. 2006) . In sunflower, race specific resistance to Orobanche cumana is conferred by major genes (Ramaiah 1987; Ish-Shalom-Gordon et al. 1993; Akhtouch et al. 2002; Domínguez 1996) , although some minor genes seems to be involved in racenonspecific quantitative resistance (Pérez-Vich et al. 2004 ). The number of emerged broomrape shoots per pea plant was the variable selected in this study to score resistance to broomrape under field conditions. It is assumed to be the best estimator available so far of the level of resistance under field conditions (Rubiales et al. 2006) . Parental lines displayed substantial differences for this variable. This allowed the identification of four QTLs associated with resistance to O. crenata under field conditions. As expected, most of these QTLs derived from the resistant parent. In contrast, n8br03_2, derived from the susceptible parent suggesting the existence of some alleles in 'Messire' promoting resistance. Broomrape attack was more severe in [2003] [2004] VII   OPM15_500  OPM15_569  OPK3_396  OPH11_777  OPZ12_898  OPM4_513  OPZ12_845  OPJ14_680  OPD12_595  OPAA17_737  OPB11_522  OPJ12_997  OPD12_1057  OPC16_354  OPAC1_432  OPAE2_479  OPK6_450  OPB11_452 and also why the correlation between resistance scorings between seasons, although significant, was not very high. Similarly, heritability values for this trait also showed remarkable differences between seasons. Heritability was very high in [2003] [2004] showing that observed differences in the number of broomrape shoots per plant were mainly due to differences between genotypes. In agreement with that, the identification of three QTLs in this season reveals that several genes governing the trait were acting. In contrast, during 2004-2005, only one QTL was identified and the moderate heritability value found, proves that the environment had a greater effect in the trait than in the previous season. Possibly, the low level of broomrape attack during 2004-2005 did not allow to detect all the differences in resistant genes existing between lines. Our map contains several markers common with the consensus pea map (Weeden et al. 1998 ) which should facilitate future mapping comparison with other pea maps. However, the only pea map where QTLs for resistance to O. crenata have been described (Valderrama et al. 2004) in pea was based mainly on RAPD which makes difficult the comparison with our QTL data. The QTL Ocp1 detected by Valderrama et al. (2004) was linked to the STS P482. In our study, one QTL associated to the number of tubercles per root length (n8t2) was also located near this STS. However, Ocp1 derived from 'Messire', while n8t2 comes from P665, suggesting they do not correspond to an homologous genomic region. The lack of detection of Ocp1 in the present study can be due to the partial dominance displayed by this QTL. Thus, dominant effects are important in F 2 generation but are absent in RIL populations, where all the loci are expected to be homozygous. Alternatively, Ocp1 may correspond to genes expressed under the environmental conditions occurring during the experiment of Valderrama et al. (2004) but not in our study. The other QTL detected by Valderrama et al. (2004) , Ocp2, was located in a LG that only included RAPD markers thus, hampering the study of the possible homologies with the QTLs identified in our study.
QTLs identified in the field trials using the trait 'number of emerged broomrapes per pea plant', explained only a moderate proportion of phenotypic variation (17-33%). That was also the case in the study performed by Valderrama et al. (2004) where the measurement of this trait allowed the identification of only two QTLs explaining the 20% of phenotypic variation. These outcomes highlight the importance of improving the scoring methods for this complex trait.
The accuracy of phenotypic evaluation is of the outmost importance for the accuracy of QTL mapping. Resistance is a multi-component event, the final number of emerged shoots being the consequence of the level of success of the parasite to overcome a battery of escape factors and/or resistance mechanisms acting at different phases of the infection process. These can be avoidance to the contact by reduced root biomass or root architecture (Ter Borg 1999) , low induction of broomrape seed germination Rubiales et al. 2003b ), resistance to penetration (Rubiales et al. 2003b) , and hampered development of established tubercles (Ter Borg 1999; Rubiales et al. 2003b; Pérez-de-Luque et al. 2005) . Probably, differences in resistance caused by these diverse mechanisms, which could account for the remaining variation, are difficult to detect by only scoring the final number of emerged O. crenata shoots.
Additionally, our results show that other factors different from resistance genes, such as aerial biomass and root length, have a strong influence in the number of emerged shoots per pea plant under field conditions which could have hampered the identification of genomic regions containing resistance alleles. Indeed, the number of emerged broomrapes per pea plant, plant biomass and root length were positively correlated and three out of the four QTLs identified for resistance under field conditions co-localized with QTLs controlling the two traits (Table 1 ; Fig. 4) . Aerial biomass and root length are two traits positively correlated that have a great influence in the amount of nutrients that a plant is able to produce. That result suggests that the number of broomrapes that infect a plant under field conditions is associated with the potential capability of the plant for enduring these broomrapes shoots. So, plants with a low biomass may not be able to produce enough nutrients to sustain a high number of broomrape shoots. This hypothesis could also explain why the effect of the plant biomass in the number of emerged shoots was stronger in [2003] [2004] seasons when the level of O. crenata infestation was higher.
Thus, in the presence of a high amount of tubercles competing with the host for nutrients, the potential capability of a plant to produce such nutrients, estimated by its biomass, could be a crucial factor affecting the number of tubercles that are able to develop well and emerge. In contrast, when the level of O. crenata infection is low, the amount of tubercles infecting a plant would be also low, and the capability of a plant to produce nutrients should be less important, as most of the plants, including those with a small biomass, could be able to feed properly all the broomrape shoots attached to them. This hypothesis was previously suggested by Aalders and Pieters (1987) , who pointed out that faba bean cultivars showing a low level of Orobanche attack may be very well susceptible, but their susceptibility is partially hidden by a poor vegetative growth. Additionally, an abundant host root biomass increases the chance of contact between O. crenata seeds and their hosts. Avoidance due to a reduced root length has been suggested previously in pea , lentils (Sauerborn et al. 1987; Fernández-Aparicio et al. 2008) , faba bean (Ter Borg 1999), and chickpea (Rubiales et al. 2003b) . Another possibility for the co-localization and relation observed between QTLs for plant biomass and resistance under field conditions could be a linkage between genes controlling resistance and those governing plant aerial biomass or root length.
Low aerial or root biomass appears to be related to lower broomrape attack, however, they are undesirable traits . Therefore, the transfer of these characters must be avoided when introgressing resistance into pea cultivars. That is of particular relevance when the introgression of genes from wild species is involved. In the present study, the combined mapping of biomass traits and resistance variables will allow us to select for MAS those QTLs containing resistant genes but unlinked to reduced plant aerial or root biomass.
Plant biomass is related to plant volume which is influenced by plant height and the rate of ramification. QTLs associated with biomass, plant height and number of branches in pea were reported by Burstin et al. (2007) and some of them may coincide with those described in our study for aerial plant biomass. These authors identified several QTLs for these traits in the distal part of LG I and III were b4 and b1 were localized, respectively. In the same distal part of
LGIII was also reported ht2 (Prioul et al. 2004 ), a QTL associated with plant height. In addition, in the same region of LG III is located the gene Le (Weeden et al. 1998 ) that controls internodes length, a trait that could be also correlated with plant biomass. Tar 'an et al. (2003) reported a QTL controlling plant height in LG II. In this case, however, the absence of common markers with our map prevents to establish a possible homology. In any case, further saturation of these genomic regions with additional common markers and the alignment of the maps bearing QTLs controlling these traits are required to confirm the identity or novelty of the QTLs described in our study. For this purpose, the inclusion of SSRs markers described by Lorindon et al. (2005) in our map, which have been incorporated in several recent pea maps (ej. Prioul et al. 2004; Burstin et al. 2007 ), could facilitate this task.
To improve the screening obtained under field conditions and establish a more reliable scoring method, the RIL population was also evaluated in vitro. The approach allowed the dissection of the resistance into specific mechanisms acting in different stages of the infection process thus, increasing the accuracy of the assessment. In addition, the Petri dish method used prevented the effect of the root length in the final number of tubercles infecting each pea plant. This strategy, together with the use of an improved map, facilitated the identification of new genomic regions associated with specific mechanisms of resistance to O. crenata that were undetected in our field screenings or in previous studies (Valderrama et al. 2004) .
QTL analyses revealed genomic regions involved in the control of all the resistant traits scored in vitro: reduced induction of O. crenata seed germination, lower number of tubercles established per root length and lower development of established broomrape tubercles.
O. crenata seeds germinate only after stimulation by root exudates of the host. Thus, a low induction of broomrape seeds germination would reduce the amount of the parasite seeds that will contact the roots. This mechanism was present in accession P665 as previously suggested by . Resistance to Orobanche spp. associated with low stimulation of parasite seed germination has also been reported in Cicer spp. (Rubiales et al. 2003b) , Vicia spp. , Lathyrus spp. ) and in other accessions of Pisum Pérez-deLuque et al. 2005) . This mechanism has been successfully used in sorghum breeding for resistance to Striga (Haussmann et al. 2001 ) and may complement other mechanisms of resistance to crenate broomrape in pea. In the present study two QTLs associated with a lower percentage of O. crenata seeds germination, g1 and g2, were detected in LG I and IV. g1 co-localized with a QTL identified for number of emerged broomrape per pea plant suggesting that a low stimulation of O. crenata seed germination can contribute to a lower level of broomrape attack under field conditions. However, this QTL was also linked to a QTL promoting low vigor and should, therefore, be rejected for MAS schemes. In contrast, g2 was unlinked to any undesirable trait and could be a suitable candidate to be introgressed into a pea cultivar.
After germination, O. crenata seeds produce a radicle that elongates towards the host root and adheres to it through the formation of an attachment organ called appresorium. Next, the parasite penetrates first through the cortex and then through the endodermis reaching the central cylinder. After penetration, a connection with the host vascular tissues is produced by the formation of an haustorial structure (Joel et al. 2007 ) which serves to transfer water and nutrients from the host to the parasite. During the penetration attempt the parasite can succeed in breaking the possible barriers offered by the host otherwise die due to its obligate parasitic nature.
Three genomic regions in LG II and VII were associated with a low number of established tubercles per root length. One of them derived from 'Messire', which is in agreement with the observation of several RIL families bearing higher number of tubercles than this susceptible parental line. Two additional QTLs related with the developmental stages of the established tubercles were localized in LG VII and A.
By scoring the number of established tubercles per root length we infer the success of the parasite in attaching to the host root, penetrating and reaching the pea vascular system. By scoring the most frequent tubercle developmental stage we estimate whether the parasite has established a fully functional connection with the host vascular tissues. QTLs n8t1 (for number of established tubercles per root length) and td1 (referring to their developmental stage), mapped in the same genome region of LG VII. The outcome might be due to a linkage between different genes controlling these traits or to the presence of a single QTL affecting both traits. For example, a barrier to parasite penetration could result in both a reduction in the number of tubercles and a parallel delay of all the infection cycle, including tubercles development. Supporting this second option, in our study, the number of established tubercles was positively related with their developmental stage suggesting the presence of mechanisms affecting the two processes simultaneously. The positive relation observed between number of tubercles established and their development stages is contrary to expected as, usually, due to a competition among attachments for resources, the lower the amount of tubercles the bigger they are (Rubiales et al. 2006) .
In contrast to n8t1 and td1, other QTLs were specific for the number of tubercles per root length or for their developmental stages. Thus, QTLs n8t2 and n8t3, may contain genes that prevent or hamper parasite attachment to host root or penetration with no effect on the efficiency of feeding from the host after the tubercle establishment. Pérez-de-Luque et al. (2005) suggested several resistance mechanisms affecting these early stages of the infection cycle. Those include changes in the concentration of compounds exuded from host roots resulting in germinated O. crenata seeds not growing towards the host or a lack of induction of the attachment organ needed for adhesion and penetration of the parasite into the host. After attachment, lignification, accumulation of callose or protein cross linking in the host cell wall may also hamper penetration (Pérez-deLuque et al. 2006a) .
On the other hand, td2, associated with the developmental stage of the tubercles, may correspond to mechanisms acting at a later stage, after broomrape tubercles have been formed. Thus, mucilage or other substances can block host vessels and obstruct the parasite supply channel (Pérez-de-Luque et al. 2006b ). Other mechanisms acting in this stage may include the accumulation of toxic compounds (Wegmann et al. 1991) or higher osmotic pressure in the host (Moreno Marquez 1947) .
In the absence of high levels of resistance to O. crenata in a single pea accession or major genes conferring resistance, obtaining a level of resistance adequate to control the disease would only be possible by pyramiding in the same variety several genes with minor effects. However, the identification of these minor genes based only on conventional phenotypic evaluation is not possible. The development of genetic linkage maps, together with QTL mapping, are powerful tools to locate resistance genes. In the present study this approach has been successfully used to identify, for the first time, several genomic regions controlling different mechanisms of resistance to O. crenata in pea. The heritability values of these traits shows that, although the traits are influenced by the environment, greater resistance can be achieved by introgressing the genes controlling these resistance mechanisms into pea varieties.
Results achieved so far are a step towards the identification of molecular markers linked to resistant genes acting in different phases of the O. crenata infection cycle. However, before using this information in MAS schemes, the genomic regions containing these QTLs should be saturated with robust markers in order to refine their position and identify the markers most closely linked to the resistance genes. Combining different escape and resistance mechanisms in a single cultivar may provide increased levels of resistance. In addition, this kind of resistance may be more difficult to overcome by the evolution of the parasite than resistance based on a single mechanism. The use of molecular markers tightly linked to the genes governing these different mechanisms of resistance could allow their tracking in segregating populations facilitating their pyramiding.
